Hippocampal sharp waves are population discharges initiated by an unknown mechanism in pyramidal cell networks of CA3. Axo-axonic cells (AACs) regulate action potential generation through GABAergic synapses on the axon initial segment. We found that CA3 AACs in anesthetized rats and AACs in freely moving rats stopped firing during sharp waves, when pyramidal cells fire most. AACs fired strongly and rhythmically around the peak of theta oscillations, when pyramidal cells fire at low probability. Distinguishing AACs from other parvalbumin-expressing interneurons by their lack of detectable SATB1 transcription factor immunoreactivity, we discovered a somatic GABAergic input originating from the medial septum that preferentially targets AACs. We recorded septo-hippocampal GABAergic cells that were activated during hippocampal sharp waves and projected to CA3. We hypothesize that inhibition of AACs, and the resulting subcellular redistribution of inhibition from the axon initial segment to other pyramidal cell domains, is a necessary condition for the emergence of sharp waves promoting memory consolidation. 
a r t I C l e S During slow wave sleep (SWS), quiet wakefulness and consummatory behavior, large-amplitude, 30-120-ms-duration 'sharp wave' voltage deflections have been observed in extracellular recordings throughout the mammalian hippocampal formation 1 , which occur simultaneously with 130-230 Hz 'ripples' most pronounced in stratum pyramidale (sPyr) of CA1 (refs. 2,3) . These sharp wave-ripple complexes (SWRs) are required for memory consolidation 4 and have been postulated to originate from groups of pyramidal neurons in CA3 participating in a synchronous 'population burst' , which is transmitted to the downstream CA1 region via Schaffer collaterals 5 . A proposed mechanism for SWR initiation is through disinhibition of pyramidal cells via dynamic state-dependent interactions between GABAergic neurons and glutamatergic inputs 1 . Indeed, in vivo recordings show that some unidentified interneurons decrease and others increase their firing during SWRs 5, 6 . Interneurons innervate different subcellular domains of pyramidal neurons, which in dorsal CA1 correlate with their firing patterns during, for example, SWRs 7 . Furthermore, cell type-specific spatiotemporal activity also depends on extrahippocampal inputs from structures such as the medial septum 8 , raphe nuclei and entorhinal cortex 9 . Therefore, it is necessary to define the temporal contribution of distinct cell types that may influence or regulate SWR generation.
One group of hippocampal interneurons expresses the calciumbinding protein parvalbumin. Within this group in CA1, bistratified cells target pyramidal cell dendrites in stratum oriens (sOri) and stratum radiatum (sRad), basket cells target pyramidal cell somata and proximal dendrites, and AACs exclusively target the pyramidal cell axon initial segment (AIS). This latter, enigmatic GABAergic interneuron was discovered by János Szentágothai (1912 Szentágothai ( -1994 as the chandelier cell in the neocortex 10 , which he later called the axo-axonal cell when its synaptic target, the AIS, was identified 11 . In marked contrast to parvalbumin-expressing bistratified and basket cells, CA1 AACs do not fire during SWRs 12, 13 . This may enable the recruitment of CA1 pyramidal cells during SWRs, as this cell type is ideally placed to regulate pyramidal cell firing. However, SWRs are generated in the upstream CA3 region 5 , where the firing activity of AACs in vivo is unknown.
RESULTS

Identification of hippocampal AACs
To assess the contributions of AACs to the hippocampal network, we recorded the activity of single interneurons in both urethane-anesthetized and freely moving rats, followed by juxtacellular labeling ( Fig. 1 and Supplementary Fig. 1 ). We identified nine AACs (from nine rats) on the basis of the presence of radial rows of boutons (cartridges) around the sPyr-sOri border (Fig. 1a,c) 14 . Dendrites of seven AACs crossed stratum lucidum (sLuc), demonstrating the cells' location in CA3. The dendrites were radially distributed across all strata, with a broad tuft aligned with the entorhinal cortical input in stratum lacunosummoleculare (sLacMol) (n = 8 AACs, Fig. 1a) , representing 34.7 ± 7.6% (mean ± s.d.) of the total dendritic length (n = 3 AACs, Fig. 1a,b) . A smaller proportion was found in sRad (11.8 ± 8.3%) and only minor proportions in sLuc (1.9 ± 0.4%) and sPyr (4.9 ± 2.4%). The highest proportion of dendrites was in sOri and the alveus (46.7 ± 6.7%). Thus, CA3 AAC dendrites are aligned with pyramidal cell dendrites 15 . One CA3 AAC had dendrites and axon in CA2 (Fig. 2a) . From two AACs recorded in freely moving rats, one was located in CA2 and had axon innervating both CA2 and CA3 but not CA1; the other was located in CA1 and innervated CA1 pyramidal cells.
Firing patterns of AACs during sharp waves
To explore the firing patterns of CA3 AACs, we identified SWRs (90-200 Hz oscillations) and theta oscillations (3-6 Hz) in local field potentials (LFPs) recorded in both CA3 and CA1 of anesthetized rats (Figs. 1f,g and 2a) . Transitions between different states occurred spontaneously or were promoted by administration of anesthetics (SWRs and non-theta states) or a tail pinch (theta). Coincident with the occurrence of SWRs, firing of AACs often ceased completely, despite firing heavily before and after (Fig. 1f) . The number of action potentials fired by individual CA3 AACs was less during SWRs than expected from their firing in a ±10-s window around the SWRs (SWRs versus 'peri-SWRs' significant at α = 0.05 with Mann-Whitney U-test in 3 of 3 and 5 of 5 cells for CA3 and CA1 SWRs, respectively; Fig. 2e and Table 1 ). Mean (± s.d.) firing rates dropped from 24.6 ± 4.0 Hz and 22.8 ± 3.1 Hz peri-SWR to 4.4 ± 3.7 Hz and 4.8 ± 3.5 Hz during SWRs (P = 0.039 and 6 × 10 −4 ; t 2 = 4.9 and t 4 = 9.7; n = 3 cells and 5 cells, for SWRs detected in CA3 and CA1, respectively; paired Student's t-tests; Fig. 2e ). We detected significant variation in the mean firing rate of AACs as a function of normalized SWR time (P = 4 × 10 −8 and 6 × 10 −13 ; F 31,64 = 4.88 and F 31,128 = 5.74; n = 3 and 5 cells for CA3 and CA1 SWRs, respectively; one-way ANOVA), with a significant reduction in the rate associated with SWR occurrence (Tukey's post hoc multiple comparisons test; a r t I C l e S (mean ± s.d.) of detected SWRs occurred coincidentally in CA3 and downstream CA1 (n = 3 experiments from 3 rats). Some SWRs (27 ± 4.5%) detected by the CA3 electrode did not recruit the CA1 area at the CA1 electrode site; others detected only in CA1 (43 ± 14%) could have originated from sites other than that of the CA3 electrode. Suppression of CA3 AAC firing was similar irrespective of where the SWRs were detected (reduction to 19 ± 14% versus 21 ± 13% during SWRs in CA3 and CA1, n = 3 and 5 cells, respectively; P = 0.9; t 6 = 0.13; two-sample Student's t-test; Fig. 2e) . In both areas, small increases in the power of 90-200 Hz oscillations, below the threshold of SWR detection and possibly reflecting distant, localized SWRs, were often associated with AAC silencing (Fig. 1f) , suggesting that the suppression of AACs occurs on most SWRs.
To test whether the observed suppression of firing during SWRs could be detected in animals without anesthesia, we examined firing patterns of identified AACs recorded in drug-free, freely moving rats 20 . During SWS and quiet wakefulness, we observed a reduction in AAC firing during local SWRs ( Fig. 2f and Supplementary Fig. 1b ; 130-230 Hz oscillations). Identified AACs in both CA2 and CA1 significantly decreased their firing rate during SWRs compared to peri-SWR periods (CA2, cell LK24g: 0.72 Hz versus 8.8 Hz, P = 6 × 10 −7 , n = 112 SWRs; CA1, cell TV34n: 2.4 Hz versus 6.9 Hz, P = 0.026, n = 61 SWRs; Mann-Whitney U-test; Fig. 2d and Table 1 ). The overall firing rate was very low during resting states, when SWRs occurred ( Supplementary Fig. 3 and Table 1 ). Occasionally, AACs fired in bursts (Fig. 2f) uncorrelated to SWRs. We conclude that AACs are inhibited during SWRs under drug-free conditions also.
Theta-and gamma-modulated firing of AACs During theta oscillations under anesthesia, CA3 AACs fired rhythmically at 28.8 ± 4.2 Hz (mean ± s.d.; n = 5 cells from 5 rats), with six to eight action potentials per cycle ( Fig. 1g and Table 1 ). Firing of AACs was lowest around theta troughs detected either locally in CA3 or in CA1 (Figs. 2a and 3a) , suggesting a reduction in GABAergic input to CA3 AISs at this phase (Fig. 2b,c) . Correspondingly, the preferred theta phase of firing was close to the peak, at 146° ± 28.1° for CA3 theta oscillations (circular mean ± circular s.d.; n = 6 cells; Fig. 3a and Table 1 ) and at 183° ± 21.7° for CA1 theta (n = 5 cells; only CA1 electrode in sPyr included; all AACs significant at α = 0.05, Rayleigh test; Fig. 3a and Table 1 
npg a r t I C l e S paired t-test).
In freely moving rats, theta oscillations were observed during head movements and postural shifts; the animals remained in the same location throughout the recording period. Firing of AACs during movement occurred at a high rate and was rhythmic but intermittent (Fig. 3b,c, Supplementary Figs. 1c and 3a,b, and Table 1) . Firing rates and consequent GABA release on CA2 and CA3 pyramidal cells (LK24g) and on CA1 pyramidal cells (TV34n) were lowest close to theta troughs, with preferred firing phases of 191° and 225°, respectively (phase distributions significantly different from uniform at α = 0.05, Rayleigh tests; Fig. 3b and Table 1 ). Notably, AACs fired at a similar rate to CA1 PV + basket cells (PVBCs) 20 during theta oscillations in drug-free rats ( Supplementary Fig. 3a ,c) but were more strongly theta-modulated (AAC vector lengths: 0.48 in CA2, LK24g; 0.42 in CA1, TV34n; mean of mean vector lengths ± s.d. for 5 PVBCs 20 , 0.22 ± 0.06). Differences in firing of AACs and PVBCs were evident across behavioral states ( Supplementary Fig. 3b,d ). Identified CA3 AACs are not coupled to kainate-induced gamma oscillations in vitro 21 , whereas CA1 AACs are coupled locally in vivo 22 . We have examined the relationship between AAC firing and 15-100 Hz LFP oscillations under anesthesia. We observed coupling (at α = 0.01, Rayleigh test; n = 33,003, 30,870, 9,633, 14,673, 26,474 and 34,760 spikes for cells B10a, B45a, B53b, B62a, J54a and J67d, respectively) to CA1 gamma oscillations (mean vector length (reflecting phase coupling strength) r = 0.06 ± 0.04 at the frequency of strongest coupling, 59 ± 12 Hz; mean ± s.d.; n = 6 cells; Fig. 3f ) and relative to CA3 gamma oscillations ( Fig. 3d-f ) from either the local electrode (r = 0.16 ± 0.09 at the strongest coupling frequency, 71 ± 24 Hz; n = 6; P = 0.066, t 5 = 2.35; for r compared to CA1, paired t-test; Fig. 3f ) or a nearby tetrode in CA3 sPyr (n = 2; Fig. 3d-f) . Variability in firing phase may have resulted from the variable position of the electrode tips (compare Figs. 2a and 3f) . Nevertheless, CA3 AACs show significant phase-coupling to gamma oscillations, comparable in strength and phase to those of CA3 pyramidal cells 23 and PVBCs 24 .
Identification of inputs to AAC dendrites Next we investigated synaptic inputs to AAC dendrites that could shape their firing patterns. Immunoreactivity for the presynaptic active-zone protein bassoon 25 showed that 9.7 ± 0.7% (mean ± s.d.) of putative synapses colocalized with VGAT puncta (n = 215 bassoon puncta, 3 cells from 3 rats; Fig. 4a ), suggesting a relatively small proportion of GABAergic synapses on dendrites. Electron microscopy confirmed that AAC dendrites receive GABAergic synaptic input Region  CA3  CA3  CA3  CA3  CA3  CA3  CA3  CA2  CA1 Immunohistochemistry, histology . 4b ). These inputs could originate from the medial septum or from hippocampal interneurons. Two molecular markers differentiating the source of GABAergic terminals are parvalbumin and vasoactive intestinal polypeptide 26 , but the AAC-dendrite-innervating VGAT + puncta were immunonegative for both molecules (data not shown). Large mossy fiber terminals of dentate granule cells target pyramidal cell spines in sLuc, whereas thin filopodial extensions target interneuron dendrites 27 . Surprisingly, we have also found synapses from large mossy fiber terminals on identified AAC dendrites, which also targeted the thorny excrescences of pyramidal cells ( Fig. 4c and  Supplementary Fig. 4 ). Smaller boutons in sLuc, representing the filopodial extensions, also made synapses on AAC dendrites. From a total of 52 (cell B10a) and 82 (cell B45a) synaptic junctions sampled on 2 dendrites of each cell in sLuc, 6 and 3 synapses were made by large mossy fiber terminals, respectively. The metabotropic glutamate receptor type 7b (mGluR7b) is localized to the presynaptic active zone of mossy fiber terminals predominantly in synapses to interneurons 28 . However, mGluR7b-immunoreactive puncta were not found around AAC dendrites, in contrast to adjacent highly decorated unlabeled (neurobiotin-lacking) interneuron dendrites (Fig. 4d) . These data show that AAC dendrites receive similar mGluR7b-negative glutamatergic granule cell input to that of pyramidal cells 29 .
Immunonegativity for SATB1 identifies PV + AACs Specific transcription factors mark neuronal subpopulations. We investigated the immunoreactivity for special AT-rich sequence binding protein 1 (SATB1; Fig. 5 ), which labels unidentified hippocampal interneurons 30 . We found SATB1 immunoreactivity in the nuclei of some PV + (Fig. 5a) , NPY + , SOM + , calbindin + , procholecystokinin + and ErbB4 + interneurons, but not in neurons immunoreactive for neuronal nitric oxide synthase (data not shown). In both CA3 and CA1, some PV + neurons, among other, SATB1 + PV + double-positive neurons, lacked detectable immunoreactivity for SATB1 (were SATB1 − ) (Fig. 5b,c) .
Of PV + interneuron types with somata in or near sPyr-AACs, basket cells and bistratified cells 31 -only the bistratified cells express SOM and NPY 13 . We detected SATB1 immunoreactivity in all PV + neurons that were either SOM + , NPY + or double-positive in sPyr of both CA3 (n = 25 of 25 cells; Fig. 5b ) and CA1 (n = 46 of 46 cells). Of all PV + somata located in CA3 sPyr (n = 236 cells), 10.7 ± 4.4% (mean ± s.e.m. in 4 sections from 3 rats) were immunoreactive for both SATB1 and either SOM or NPY or both, 56.9 ± 7.7% were immunoreactive for SATB1 alone and 32.5 ± 7.6% showed immunoreactivity for neither SATB1 nor SOM or NPY (Fig. 5e) . All PV + neurons were positive for the GABA A receptor α1 subunit 31 (Fig. 5b-d) . Similar proportions of PV + somata were observed in CA1 (13.7 ± 4.2% SATB1 + SOM + , SATB1 + NPY + or SATB1 + SOM + NPY + ; 59.7 ± 3.3% SATB1 + only; 26.5 ± 3.8% SATB1 − ; n = 362 cells, 4 sections, 3 rats; Fig. 5e ). The proportion of PV + SATB1 + neurons is consistent with previous counts of putative PVBCs 31 . We found similar proportions of PV + cells in mouse, suggesting that certain mouse PV + interneurons may be homologous to those characterized in the rat 32 . 5e ). Of note, we often observed clusters of neurons with a similar molecular profile, such as PV + SATB1 + SOM − (Fig. 5d) or PV + SATB1 − SOM − , suggesting grouping of interneuron types.
To determine whether SATB1 immunoreactivity can be used to differentiate PVBCs from AACs, we tested identified interneurons labeled in vivo with neurobiotin. Five of five CA3 and one of one CA2 AACs lacked detectable nuclear SATB1 immunoreactivity (Figs. 1d and 5f and Table 1), as did two AACs from intermediate CA1 (TF31a, TF35c). Six of six identified PVBCs in CA1 were SATB1 + (M01b, K03b and B102b; TV08k, K208c and O83f 20 ; Fig. 5f ), as was one PV + SOM + bistratified cell in CA3 (TV32n). Thus, PV + interneurons that do not express SATB1 are AACs, representing ~30% of the PV + population in sPyr of both CA3 and CA1.
Innervation of AACs by the medial septum Medial septal GABAergic neurons innervate diverse types of hippocampal interneurons 8 . We labeled the axons of medial septal neurons with Phaseolus vulgaris leucoagglutinin (PHA-L; n = 3 rats; Fig. 6a ). In the medial septum, we observed clusters of labeled neurons, and axonal targets were consistent with known septal projections 33 , including the hippocampus. In a control, PHA-L injected in the lateral septum produced very sparse labeling in the hippocampus.
Septo-hippocampal axons in CA3 and CA1 were of either type I (thick, putatively GABAergic) or type II (thin, putatively cholinergic) 8 . Individual type I axons had boutons apposed to the somata and proximal dendrites of some PV + neurons but they bypassed others, suggesting preferential targeting of distinct interneuron types (n = 41 PV + neurons innervated in CA3 and CA1, 36 axons; Fig. 6b ).
Some axons strongly innervated SATB1 − PV + neurons (putative AACs; n = 18 targeted cells in CA3, 17 axons) and bypassed adjacent SATB1 + PV + neurons (Fig. 6c) . We also followed single septal axons that targeted other CA3 PV + interneurons but not putative AACs, and in one case observed two SATB1 + PV + neurons each with seven PHA-L boutons apposed to their somata in a 'basketlike' arrangement ( Supplementary Fig. 5a,b) . Similarly to those in CA3, SATB1 − PV + neurons in CA1 were targeted by axons (n = 6 cells, 6 axons) that did not innervate nearby SATB1 + PV + neurons (Supplementary Fig. 5d,e) . We also immunolabeled CA1 pyramidal neurons using the marker SATB2 (ref. 34 ) but did not observe any septal axons in sPyr innervate these neurons in a basket-like manner around the somata (Supplementary Fig. 5d) . These data suggest a medial septal input preferentially targeting AACs in both CA3 and CA1.
One population of GABAergic septo-hippocampal axons are immunoreactive for parvalbumin in rat 35 . We tested the axons targeting the SATB1 − PV + neurons for parvalbumin and VGAT 36 using confocal microscopy. Two out of ten axons targeting SATB1 − PV + somata were immunoreactive for parvalbumin, in seven axons parvalbumin was undetectable and in one axon we could not test immunoreactivity. Of the septal boutons apposed to SATB1 − PV + somata, 25.0% were PV + and in 57.7% parvalbumin was undetectable (17.3% were undetermined; n = 104 boutons; 10.4 ± 6.0 per soma observed in fluorescence; mean ± s.d. ; Fig. 6c) . Notably, five of ten axons targeting SATB1 + PV + neurons showed immunoreactivity for parvalbumin (undetectable in two, undetermined in three; Supplementary Fig. 5c ). Most (72.9% of) septal boutons on SATB1 + PV + somata were PV + (undetectable in 10.4% and undetermined in 16.6%; n = 48 boutons; 4.8 ± 3.2 per soma; Supplementary Fig. 5c ). Therefore, compared to other PV + interneurons using immunofluorescence, putative AACs (SATB1 − PV + npg a r t I C l e S neurons) appeared to be mainly innervated by septal afferents with undetectable levels of parvalbumin. We observed both strongly and weakly parvalbumin-immunoreactive somata in the medial septum (data not shown).
To test the neurotransmitter in soma-innervating septal terminals, we analyzed VGAT-immunoreactivity around PV + neurons. We observed, for example, a SATB1 − soma but not an adjacent SATB1 + soma innervated by PHA-L + boutons, which contained VGAT puncta (Fig. 6d) . GABAergic synapses are rich in the postsynaptic scaffolding protein gephyrin that regulates clustering of GABA A receptors 37 . Gephyrin-immunoreactive puncta on SATB1 − PV + neurons were aligned with PHA-L + boutons (Fig. 6e) . Finally, we asked whether all apposed septal boutons established synapses with the SATB1 − PV + neurons. We identified PHA-L-labeled boutons in apparent contact with putative AAC somata in the light microscope (Supplementary Fig. 6 ). Boutons were electron microscopically sampled from three SATB1 − PV + cells (n = 15 of 39 boutons for a cell in CA3, Supplementary Fig. 6a-e ; n = 13 of 29 boutons for another cell in CA3; n = 11 of 11 boutons for a cell in CA1), and all were apposed to the plasma membrane of the target cell. Synaptic junctions were found between 11 of 15, 12 of 13 and 10 of 11 boutons and the somata or dendrites (Supplementary Fig. 6f-j) , some with multiple active zones. In the remaining boutons, the presence of synapses could not be tested owing to an oblique cutting angle. In no case did the boutons innervate any other cells; they made synapses only with the putative AAC. We conclude that all medial septal boutons made synapses with the target AACs, confirming the prediction derived from the gephyrin-immunoreactive puncta (Fig. 6e) . Therefore, a subpopulation of GABAergic septo-hippocampal axons targets SATB1 − PV + but not SATB1 + PV + somata.
Septo-hippocampal neurons activated during sharp waves Some medial septal cells increase their firing during hippocampal SWRs but whether they project to the hippocampus is unknown 38, 39 . We asked whether any GABAergic septo-hippocampal neurons were activated during sharp waves. We extracellularly recorded and juxtacellularly labeled single medial septal neurons in anesthetized rats (Fig. 7) . From 31 theta-modulated cells (at α = 0.05 with Rayleigh test) that were recorded during >20 SWR events, 12 (38.7%; recorded from 11 rats) showed a variable and significant increase in firing during SWRs (at α = 0.05 with Mann Whitney U-tests), on average from 12.0 ± 9.9 Hz peri-SWR to 28.5 ± 15.6 Hz (mean ± s.d. ; Fig. 7c,e and  Supplementary Table 1) . In some cases, the SWR-activated cells fired rhythmically during non-theta periods 40 (not analyzed here), and we also observed activation during events that remained below the threshold for SWR detection with our criteria at the CA1 recording site (Fig. 7c) . Five of the 12 cells could be labeled and identified, with 5 of 5 and 4 of 4 immunopositive for parvalbumin and hyperpolarizationactivated cyclic nucleotide-gated potassium channel 4 (HCN4), respectively (Fig. 7a, Supplementary Fig. 5f ,g and Supplementary Table 1) . We note that parvalbumin immunoreactivity in the septum does not necessarily imply parvalbumin immunoreactivity in axonal boutons in distant target areas. Notably, 4 of 4 cells were also immunoreactive for SATB1. Of four cells, which were well labeled, two had axons in the fimbria with collaterals entering CA3 (ref. 35) (Fig. 7b and Supplementary Table 1) , but their targets could not be identified. The other two cells had axons in the dorsal fornix and may have projected to the cortex; one of these cells had additional minor branches that entered medial CA1 and subiculum. Septal neurons (3 of 3 tested; Supplementary Table 1) were VGAT + in their local medial septal terminals (Fig. 7d) and were thus GABAergic. Table 1 ) 39 . Interestingly, the two CA3-projecting cells fired in a counterphase manner to the firing of hippocampal AACs (Fig. 3a) , preferentially at the trough of CA1 theta oscillations ( Supplementary  Fig. 5h,i and Supplementary Table 1) . We have demonstrated that some septo-hippocampal cells, potentially the sources of AAC innervation, fire in a pattern complementary to AACs during both SWRs and theta oscillations. However, on the basis of differences in levels of parvalbumin immunoreactivity in PHA-L-labeled septohippocampal terminals targeting SATB1 − PV + somata and the different firing patterns of septal cells, inhibition of AACs may be mediated by more than one medial septal cell type.
DISCUSSION
We have demonstrated that the firing of CA3 AACs is suppressed during sharp waves in vivo, resulting in a temporally and spatially restricted reduction of GABA release on the AISs of CA3 pyramidal cells. This is consistent with a key role of AACs in coordinating cell a r t I C l e S assembly reactivation by allowing excitatory interactions in the CA3 recurrent system selectively during sharp waves 5 . We propose that the inhibition of AACs causes a subcellular redistribution of inhibition from the AIS to the soma and dendrites of pyramidal cells, creating conditions permissive for sharp wave initiation.
We show that the somata of AACs are innervated by a subset of GABAergic medial septal cells that do not target nearby SATB1 + PV + hippocampal neurons and that AACs also receive some dendritic inhibition 14 . Although we recorded SWR-activated septal cells that were immunopositive for parvalbumin, levels of this marker in PHA-L-labeled septal terminals targeting AACs varied. Subsets of septal GABAergic cells 38, 39 that project to CA3 fired strongly around the trough of theta oscillations and could innervate AACs. Silencing AACs leads to rhythmic disinhibition of pyramidal cell AISs every 90-200 ms, which could contribute to the theta dipole across hippocampal strata 9, 41 , resulting in the population of pyramidal cells firing with highest probably at theta trough 23 , the minimal firing phase of AACs. These interneurons may also receive recurrent CA3 pyramidal input 42 and entorhinal cortical input to their tufted dendrites in sLacMol, as well as two kinds of mGluR7b-lacking mossy fiber synaptic inputs to dendrites in sLuc, all contributing to their modulation by gamma oscillations.
When the animal becomes quiescent or enters SWS, cholinergic septal input and entorhinal and dentate glutamatergic input change CA3 network excitability in concert with interneurons, and the somatic GABAergic septal input to AACs would possess a different temporal structure than during theta oscillations. Our finding that the suppression of AAC firing during sharp waves occurs irrespective of its local origin at the electrode suggests that a selective and divergent inhibitory input, such as from the septum, silences most AACs. The AACs are synchronized also by means of gap-junction coupling 31 . During the sharp wave, within a 30-120-ms window, AACs may be strongly inhibited by this septal input and probably by other sources of GABA such as local interneurons 14 , which may selectively shunt dendritic glutamatergic inputs to AACs. This in turn leads to a withdrawal of GABA from the AIS of pyramidal cells. Disinhibition of the AIS opens a short time window for pyramidal cells to fire at high probability and build up recurrent excitation 43 , which enables sharp waves to occur 1 and time-compressed spike sequences to reemerge 44 . Under some in vitro conditions, GABA released on the AIS by AACs in the neocortex has been found to be excitatory 45, 46 . Our finding that CA3 AACs fire at high frequencies with a temporal pattern inversely related to their postsynaptic targets, confirming previous results in CA1 (ref. 12) , suggests that most pyramidal cell spikes are not driven by AACs and most AAC spikes inhibit rather than excite pyramidal cells 46, 47 , as originally suggested 11 .
In contrast to AACs, PVBCs are activated during sharp waves and rhythmically release GABA to the somata and proximal dendrites of pyramidal cells every 4-8 ms. Because CA3 (ref. 24 ) and CA1 (refs. 12,32) PVBCs are phase locked to local ripple cycles, this cell type, along with strongly activated bistratified cells targeting dendrites 13 , may be responsible for generating the fast oscillatory component of SWR events and temporally organizing the pyramidal cell assemblies 5, 48 .
Both CA3 AACs and PVBCs 24 have access to the same afferents as do pyramidal cells (in contrast to those in CA1; ref. 12), but their strikingly different firing patterns during sharp waves suggests different GABAergic input, matched by their differential expression of SATB1. Indeed, these two cell types have been shown to have divergent network contributions in vitro 21 . Future studies in mice may shed light on the functional consequences of altering the relative GABAergic input specifically to these cell types and on the impact of AACs on sharp-wave initiation. Optogenetic studies exploring the causal relationship between firing of septal cells and AACs would require the establishment of specific markers for septal cell types that target AACs. As SATB1 is expressed by some septo-hippocampal neurons in rats and is also found in the mouse medial septum 30 , recording from similar neurons in both wild-type and SATB1 mutant mice 49, 50 might provide clues as to how they influence sharp wave generation. To our knowledge, SATB1 represents the first molecular marker that differentiates AACs and PVBCs in the hippocampus, and the septal input represents the first evidence of an identified source of GABAergic input to a single type of hippocampal interneuron. The firing increase of PVBCs and decrease of AACs at the onset of SWRs causes a subcellular redistribution of inhibition in pyramidal cells. According to this concept, AACs, acting as 'gatekeepers' , select and control the firing of CA3 pyramidal cell assemblies during the replay of memory sequences.
METHODS
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